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Abstract 
Prestressed wire winded framework (PWWF) is an advanced structure and the most expensive part in the large-scale equip-
ment. The traditional design of PWWF is complicated, highly iterative and cost uncontrolable, because PWWF is a variable 
stiffness multi-agent structure, with non-linear loading and deformation coordination. In this paper, cost optimization method of 
large-scale PWWF by multiple-island genetic algorithm (MIGA) is presented. Optimization design flow and optimization model 
are proposed based on variable-tension wire winding theory. An example of the PWWF cost optimization of isostatic equipment 
with axial load 6 000 kN is given. The optimization cost is reduced by 21.6% compared with traditional design. It has also been 
verified by the finite-element analysis and successfully applied to an actual PWWF design of isostatic press. The results show 
that this method is efficient and reliable. This method can also provide a guide for optimal design for ultra-large dimension 
muti-frame structure of 546 MN and 907 MN isostatic press equipment.  
Keywords: genetic algorithms; structural design; prestressed wire winded framework; cost optimization
1. Introduction1 
Prestressed wire winded framework (PWWF) has 
many advantages such as large load-carrying capabi- 
lity, high fatigue strength, safe and reliable perform-
ance and no explosion possibility [1-2]. It can increase 
the service life and decrease volume and weight, but 
decrease the processing difficulty and cost as well. So 
it is widely used in many pieces of large-scale equip-
ment such as isostatic press, die forging press [3-5]. 
PWWF structure studied in this paper is applied in 
isostatic press. There are no connecting pieces between 
semi-circular beam and column, and high strength 
prestressed wires are winded uniformly in frame out-
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side thus to connect them together. The number of wire 
layers in large-scale equipment is more than 100 and 
the winding tension of every wire layer is different. 
PWWF is a variable stiffness hybrid multi-agent 
structure, with nonlinear loading and multi- agent de-
formation coordination. The design of PWWF is com-
plicated and highly iterative, and parameter selection 
depends on experience and method of trial and error in 
practice. According to the existing theory of pres- 
tressed wire-winding design, the strength, stiffness and 
stability of the framework must be checked after the 
completion of the preliminary design. So satisfying 
both the design theory and the cost control are hard to 
reach by the traditional design method. 
The PWWF is the most expensive part of large-scale 
equipment. Usually the PWWF cost of equipment of 
5 000 kN or more averages more than 100 000 RMB. 
While the manufacturing cost of ultra-large equipment 
often counts by 10 million RMB, the PWWF cost of 
waste greatly increases. As a result of high-pressure Open access under CC BY-NC-ND license.
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and light weight, manufacturing costs among frame-
work components make a great difference (e.g. the cost 
of column or semi-circular beam is about 4-6 times of 
the cost of wire). Therefore reasonable design of 
PWWF has fatal research significance to large-scale 
equipment cost reduction. 
Lightweight design and cost optimization design 
have been applied in mechanical industry construction 
industry, and so on [6-7]. At present, most studies have 
been published on the lightest weight of the structural 
optimization design [8-9]. Only a small fraction of these 
articles has dealt with optimization of the structure cost 
minimization. Senouci published cost optimization of 
hybrid beams by genetic algorithm [10]. Kravanja dis-
cussed optimization design of workshop steel structure 
cost based on the mixed integer nonlinear program-
ming (MINLP) method [11]. Atabay researched cost 
optimization design of three- dimensional reinforced 
concrete shear wall by genetic algorithm [12]. Previous 
studies on PWWF mainly focus on two aspects. One is 
PWWF winding theory, winding design and calcula-
tion, such as prestressed wire variable tension winding 
theory provided by Professor Yan [13], the design on 
frame of large-tonnage hydraulic brick press by 
Wu [14], etc. The other is the stress and deformation 
analysis of the whole frame using finite element 
method [15]. Some researchers have been studied the 
finite element contact analysis and transient dynamic 
analysis of the wire winded frame [16-17]. Jiao [18] has 
established frame numerical simulation model of 
isostatic press and structural optimization on compo-
nents by using MSC Marc. But there is relatively little 
optimization design on PWWF, and the cost optimiza-
tion design of PWWF is extremely rare. 
Genetic algorithm (GA) is an effective method of 
global search optimization, which has been widely 
used in engineering optimization problems [19-20]. In 
this paper, we investigate a cost optimization method 
of the PWWF. At the same time, the optimal model of 
prestressed wire frame structural cost is performed by 
using multiple-island genetic algorithm (MIGA) [21]. 
These methods are applied to deriving the optimal cost 
for PWWF and the experiment results are compared to 
the traditional design method in this paper. The focus 
of the study is the construction of cost optimization 
model and applying MIGA algorithm to solve it. Fi-
nally the cost optimization design of PWWF for 
isostatic press is solved. This method also establishes a 
good foundation for optimization design for ultra-large 
dimension muti-frame structure of 547 MN and 907 MN 
equipment. 
2. Research Method 
2.1. Winding design of PWWF 
The design of PWWF consists of two states: pre-
tightening state and working state. The prestress com-
putational model of PWWF in pretightening state is 
shown in Fig. 1. Force balance and deformation com-
patibility conditions in pretightening state are intro-
duced in Eqs. (1)-(2). 
c w zp p mT+ =                (1) 
c w
c c w
p p
E F mzf E
=
               
(2) 
where pc denotes the pretightening force of the winding 
wire layer acting on the column, pw the force of the 
winding wire acting on the winded wire layers, m the 
number of wires in every wire layer, z the layers of 
wire, Tz the tension of straight-edge wire, Ew and f are respectively elastic modulus and cross-sectional areas 
of wire, Ec and Fc are respectively elastic modulus and 
cross-sectional areas of column. 
 
Fig. 1  Prestress computational model of PWWF in pre-
tightening state. 
The force diagram of PWWF in the working state is 
shown in Fig. 2. The semi-circular beam bears bend-
ing, and column bears bending and axial load. Qc is the working load acting on column, Qw the working load acting on wire layers, P the working load acting on 
frame, and i the number of column. Force balance and 
deformation compatibility conditions in the working 
state are introduced in Eqs. (3)-(4). The stiffness of 
PWWF varies with the number of wire layers. The 
column and wire layers need to meet the deformation 
compatibility. 
 
Fig. 2  Force diagram of PWWF in working state. 
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c w /Q Q P i+ =              (3) 
w c
w c c
Q Q
E mzf E F
=
            
 (4) 
2.2. Proposed design flow 
The design of PWWF is a complex process which 
has correlative multi-factor and interacted multi-para- 
meter. In order to make full use of strength potential of 
wires thus to reach equal strength design requirements, 
the method of variable tension winding is widely 
adopted. Many conditions such as separation between 
beam and column, strength stiffness, stability of semi- 
circular beam and column must be considered in the 
design. It can be deduced that the premise of cost op-
timization is that frame width should be greater than 
the allowable width, the column cross-sectional area 
should be greater than the allowable cross-sectional 
area. Simultaneously PWWF adopts advanced variable 
tension wire winded theory, and column must meet 
strength, stiffness and stability requirements. The pro-
posed design flow of large-scale PWWF is presented 
in Fig. 3. 
 
Fig. 3  The proposed design flow of PWWF. 
2.3. Optimization method 
The traditional design depends on method of trial 
and error. Usually the minimum cost is only selected 
from the five or fewer feasible schemes. 
The optimal design method by MIGA proposed in 
this paper is shown in Fig. 4. It takes geometric pa-
rameters as design variables, and the cost of PWWF as 
objective function. Design is performed in accordance 
with the proposed design flow. Three other algorithms 
such as nonlinear programming quadratic linesearch 
(NLPQL), modified method of feasible directions 
(MMFD) and adaptive simulated annealing (ASA) are 
also introduced in the paper. 
MIGA is built based on traditional genetic algorithm 
(TGA). The character of MIGA which is different from 
TGA is that the individual of group is divided into 
several subgroups called “island”. All the operations of 
TGA are carried out in each island, the individual se-
lected in each island is migrated to another island, and 
then the operation is continuously carried out by TGA. 
Evolution flow of MIGA is shown as Fig. 5. 
 
Fig. 4  Optimization design method of MIGA. 
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Fig. 5  Evolution flow of MIGA. 
2.4. Proposed cost optimization model 
2.4.1. Design variable and objective function 
The PWWF in isostatic press produced by a famous 
manufacturer is taken as optimization object. Diagram 
of column and semi-circular beam are shown as Fig. 6. 
In Fig. 6, b denotes the total column width, b1 the 
width of slot for wire on column, b2 the width of re-
served baffle slot on column, w total thickness of col-
umn, w1 outside thickness of column, h the depth of 
guard slots, r1 inner radius of semi-circular beam, and 
w3 the thickness of semi-circular beam. Finally, three 
geometric parameters that column width b, column 
thickness w, inner radius of semi-circular beam rl are 
taken as design variables. 
 
Fig. 6  Structure diagram of frame of isostatic press. 
After structure simplification, the manufacture cost 
of frame is defined as follows: 
total 1 2 32 2C C C C= + +            (5) 
where Ctotal denotes total manufacture cost of frame, C1 
manufacture cost of column, C2 manufacture cost of 
semi-circular beam and C3 manufacture cost of wire. 
Optimal objective function is defined as follows: 
 total 1( ) min ( , , )f x C b w r=           (6) 
The range of design variable is determined by equip- 
ment type and design dimension of working cylinder, 
and it can be obtained through some special intelligent 
design platform developed by us. 
2.4.2. Optimization model 
The variable x={x1, x2, x3}, where x1 is column 
width b, x2 column thickness w, and x3 inner radius of 
semi-circular beam r1. The mathematics model is de-
fined as follows: 
total 1 2 3min ( ) ( , , )f x C x x x=          (7) 
s.t.: 
1 c c( ) 1.3 /[ ] 0g x F P σ= − × ≥                    (8) 
2 1 min( ) 0g x x b= − ≥                         (9) 
2 2
3 c( ) /(8 ) 0g x EJ L P= π − ≥                  (10) 
4 3 2( ) 0g x x a x= − − ≥                      (11) 
5 k( ) 0g x P P= − ≥                          (12) 
6 2 1( ) 0.3 0/g x x x= − ≥                      (13) 
7 2 1( ) 1.2 0/g x x x= − ≥                          (14) 
8 c( ) 1.2 / 0g x iP P= − ≥                     (15) 
9 c( ) / 0.85 0g x iP P= − ≥                   (16) 
10 s( ) 1.0 0g x n= − ≥                       (17) 
11 4( ) 1.3 0g x a= − ≥                       (18) 
where Pc is pretightening force on the column, [σ] al-
lowable stress of column, J inertia moment of column, 
E modulus of elasticity for the column and the wires, 
Pk slotted loading, i the number of columns, a4 bending 
stress coefficient, ns the safety factors of column, and L 
column length. b is the minimum size for the column 
width, and a is column spacing. g1(x) is the design 
constraint of column cross section, with the require-
ment that the cross-sectional area of column must be 
more than the allowable area of column. g2(x) is the 
dimension constraint of column width, and the width 
must be covered by 80% of end cover area. g3(x) is the 
stability constraint of column, and pre-tightened stress 
can be less than limit load without instability. g4(x) is 
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the dimension constraint of semi-circular beam inner 
diameter. The inner diameter is more than the sum of 
minimum distance and column width w. g5(x) is the 
untaking-off constraint of the column, and the allow-
able load must be less than slotted load of column. 
g6(x) and g7(x) are the constraints of ratio of width and 
thickness of column. g8(x) and g9(x) are value tether 
constraints of actual pre-tightened coefficient. g10(x) is 
the strength constraint of column, whose safety factors 
must be more than 1.0. g11(x) is the strength constraint 
of column, whose bending stress coefficient should be 
less than 1.3. 
3. Results and Analysis 
3.1. Optimization results 
On the basis of performance indexes of a kind of 
isostatic press, key parameters are given as follows: 
inner working pressure p=300 MPa, inner diameter of 
cylinder d=500 mm, length of vertical column L= 
3 015 mm, allowable stress of column [σ]=400 MPa, 
column spacing a=80 mm, the allowable stress of 
semi-circlular beam is 420 MPa, the allowable stress 
of steel wire layer is 850 MPa, elastic modulus E= 
200 900 MPa, the dimension of wire section is 6 mm× 
1.5 mm, the price of wire is 6 RMB/kg, the number of 
column is 2, and pretightening force for one column is 
28 MN. Assume that the column cost is 5 times as wire 
cost (that is 30 RMB/kg), semi-circular steel beams 
cost is 3 times as wire cost (that is 18 RMB/kg). The 
value range of design variable is shown in Table 1. 
Table 1  Value scope of design variables 
Limit b/mm w/mm r1/mm 
Lower limit 460 100 625 
Upper limit 760 250 825 
 
Table 2 shows the results of four different optimiza-
tion algorithms. From the data we can see that optimal 
results solved by MMFD algorithm and NLPQL algo-
rithm are different for three different start points, and 
sometimes no feasible design could obtain ( “× ” in 
Table 2 denotes no feasible design). Because they de-
pend on initial value of variables, algorithms are un-
stable. ASA and MIGA algorithms are global optimi-
zation and good at nonlinear constrained programming 
problems, not dependent on the intial value. So the 
reliable solution could be obtained. The result shows 
that MIGA is a more desirable method in this problem, 
compared with that ASA algorithm need adjust some 
parameters. 
 
Table 2  Comparison of four different optimization algorithms 
Initial value/mm Optimal variable/mm 
Method No. 
x1 x2 x3 x1 x2 x3 
Cost/ 
(104  RMB) Time/min 
1 700 120 650 672 205 682 85.34 0.1 
2 600 100 800 × × × × 0.1 NLPQL 
3 461 220 600 480 220 697 67.4 0.1 
1 700 120 800 480 218 695 67.15 0.1 
2 600 100 800 489 205 682 67.12 0.1 MMFD 
3 461 220 600 461 234 711 66.12 0.1 
1 700 120 650 461 224 728 67.73 21 
2 600 100 800 578 201 692 67.36 8 ASA 
3 461 220 600 578 174 651 67.4 28 
1 700 120 650 463 228 709 65.3 33 
2 600 100 800 463 228 709 65.3 33 MIGA 
3 461 220 600 463 228 709 65.3 33 
 
Set groups of size M=20, crossover probability Pp= 
0.7, the number of isaland Ni=30, migration algebra 
G=40, migration probability Im=0.5, mutation prob-
ability Cm=0.05. The entire process by MIGA con-
sumes 33 min and carries out iterations of 24 000 
times. 501 feasible solutions are generated, and finally 
the optimal solution is gained through the design proc-
ess. The optimal solution is shown as follows: the total 
column width x1 = 463 mm, column thickness x2 = 
228 mm, semi-circular beam radius x3=709 mm, PWWF 
cost is 653 000 RMB. Optimal design result of the 
PWWF structure is shown in Fig. 7. Optimization re-
sults are shown as Fig. 8, which indicate the change of 
cost, the total column width b, column thickness w and 
the semi-circular beam inner radius r1 in the process of 
24 000 iterations, respectively. 
 
Fig. 7  Frame diagram of optimal design. 
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Fig. 8  Variables and their iteration numbers. 
3.2. Result analysis 
Table 3 presents comparison of optimization results 
and the results by the traditional design method (TDM). 
The cost of optimization example falls from the tradi-
tional design cost 833 000 RMB to 653 000 RMB, re-
duced by 21.6%. 
Table 3  Comparison of results 
Optimal variable Method
x1/mm x2/mm x3/mm 
Cost/(104 
RMB) 
Decreasing 
rate/% 
MIGA 463 228 709 65.3 
TDM 492 242 799 83.3 
21.6 
 
Taking the analysis of finite element simulation by 
using the literature and selecting the 1/8 of the symme-
try of the model, the results are shown in Figs. 9-11. 
Fig. 9 indicates that the equivalent stress distribution of 
pretightening state frame and average stress of column 
is 296 MPa. Equivalent stress of frame in working state 
under 300 MPa pressure is shown in Fig. 10. The 
maximum equivalent stress is 397.3 MPa. The equiva-
lent stress of wire layers is 753-810 MPa. So the re-
sults meet the design requirements. Fig. 11 denotes 
displacement curve of semi-circular beam. It can be 
seen that displacement in y direction of contact area 
between semi-circular beam and column in working 
state is negative. So there is compression and the beam 
is not torn off from column. The simulation results 
show that the design is feasible and valid. 
 
Fig. 9  Equivalent stress in pretightening state. 
 
Fig. 10  Equivalent stress in working state. 
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Fig. 11  Lower end face displacement of beam. 
At present, this optimization method has been ap-
plied to actual PWWF structure design of isostatic 
press, and achieves good results. The actual equipment 
picture is shown in Fig. 12. Many experiments have 
also been conducted according to the above method. 
The result shows that the optimizaiton cost can be re-
duced greatly by this optimization model and MIGA 
algorithm, compared to the traditional design. Table 4 
lists three examples. The decreasing rate of cost opti-
mization is 22.3%, 22.8% and 20.6%, respectively. 
Now, 546 MN and 907 MN isostatic presses have ul-
tra-large dimension multi-frame structure. The optimal 
design of multi-frame structure is a difficult and chal-
lenging work, which is also the work for future re-
search. And this method can also provide a guide for 
every single frame design of muti-frame structure.  
 
Fig. 12  Picture of prestressed wire winded frame. 
Table 4  Cost improvement of optimization method 
No. P/MPa D/mm L/mm Method Cost/(10
4 
RMB) 
Decreasing
rate/% 
MIGA 71.5 
1 300 600 3 020 
TMD 92.1 
22.3 
MIGA 83.7 
2 250 800 3 000 
TMD 108.5 
22.8 
3 200 1 250 3 300 MIGA 117.6 20.6 
4. Conclusions 
This paper has proposed a new parameter optimal 
design method of PWWF by MIGA. Optimization 
model of PWWF is presented, in which cost function 
and relevant constrain conditions have been defined 
based on variable tension wire winding theory. This 
optimization method is suitable for isostatic press 
equipment and other related equipment. Compared 
with other numerical optimization algorithms, MIGA 
alogrithm is a more desirable method for PWWF de-
sign problems.  
An optimal design examaple of PWWF is intro-
duced by combining isostatic press equipment with 
inner working pressure of 300 MPa, inner diameter of 
500 mm. The optimal result is derived and the cost is 
reduced by 21.6% compared with the traditional design 
cost. Many other experiments using this method dem-
onstrate the decreasing rate of cost is nearly 20%. And 
it can also provide a guide for optimal design for ul-
tra-large dimension muti-frame structure of 546 MN 
and 907 MN isostatic press equipment. 
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